The cellulosome of Clostridium thermocellum, an anaerobic and thermophilic bacterium (23) , is a cellulolytic multienzyme complex (17) located on the cell surface and eventually released into the medium (2) . Fourteen to 18 different polypeptides compose this complex. Catalytic components include many ␤-1,4-endoglucanases, several hemicellulases (␤-1,4-xylanases and lichenases) (12, 24) , and at least one cellobiohydrolase (25) . Catalytic components are bound to a scaffolding, noncatalytic subunit termed CipA (cellulosome integrating protein) (9, 31, 35) .
Interaction between catalytic subunits and CipA is mediated by a conserved docking sequence, termed the dockerin domain (3) , which is present in the catalytic subunits and consists of a highly conserved duplicated segment of 23 residues (31) . Each dockerin domain interacts with one of nine highly similar, complementary domains, termed cohesin domains (3) , which are present in the sequence of CipA (8, 9, 36) . Binding occurring between the catalytic subunits and CipA is termed binding of type I, and the corresponding cohesin and dockerin domains are designated accordingly (18) .
CipA also comprises a COOH-terminal dockerin domain (9) which does not bind to cohesin domains of type I (29) . By contrast, it binds to another type of cohesin domain, which has been identified in three C. thermocellum proteins, i.e., SdbA, OlpB, and ORF2p. Consequently, the dockerin domain of CipA and the matching cohesin domains of SdbA, OlpB, and ORF2p have been termed dockerin and cohesin domains of type II, respectively (18) .
In addition to NH 2 -terminal cohesin domains, the three proteins comprise COOH-terminal SLH (S-layer homologous) repeats probably involved in anchoring proteins to the cell envelope (18, 20) . In fact, OlpB was shown to be located on the cell surface (20) . Thus, the proteins interacting with the CipA dockerin domain are thought to mediate the anchoring of CipA (and the cellulosome) to the cell surface.
This study reports the characterization of the SdbA protein. First, affinity measurements between CelC-DSCipA, which comprises the dockerin domain of CipA fused to endoglucanase CelC (29) , and the cohesin domain of SdbA or the NH 2 -terminal cohesin domain of OlpB were performed. Since interactions of type II, like those of type I, are inhibited by EDTA (18, 36) , the influence of Ca 2ϩ on the interaction between SdbA and the dockerin domain of CipA was analyzed. In addition, the localization of SdbA in C. thermocellum was studied by Western blotting (immunoblotting) subcellular fractions and by electron microscopy of immunolabeled cells.
MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. The bacterial strains and plasmids used in this study are described in Table 1 . Cloning and sequencing were performed in Escherichia coli TG1. Proteins were produced in Escherichia coli M15(pREP4) or in E. coli TG1.
E. coli was grown at 37ЊC in Luria-Bertani medium (21) . The following antibiotics were added, depending on the plasmid present in the host: ticarcillin (100 g/ml), chloramphenicol (30 g/ml), and kanamycin (25 g/ml).
C. thermocellum was grown anaerobically at 60ЊC in CM3-3 medium supplemented with 5 g of cellobiose per liter (30) .
DNA manipulations. DNA manipulations were performed as described by Ausubel et al. (1) . Restriction enzymes were used as recommended by the suppliers.
Oligonucleotide primers were synthesized by Eurogentec SA (Seraing, Belgium). PCR amplification was performed as described by Saiki et al. (27) with AmpliTaq polymerase (Perkin-Elmer Cetus), by using 100 pmol of each nucleotide primer in 100 l of reaction mix. MgCl 2 was added to a final concentration of 2 mM. Thirty-five amplification cycles were performed with the following parameters: annealing, 1 min at 50ЊC; elongation, 1 min at 72ЊC; denaturation, 1 min at 95ЊC. The sequence of the cloned PCR fragment was verified throughout.
Construction of pCT1833. The cohesin domain of SdbA was fused to the E. coli maltose-binding protein MalE to facilitate comparisons with similar constructs such as MalE-OlpB-N, containing the first cohesin domain of OlpB (20) , and MalE-RDCipA, containing the seventh cohesin domain of CipA, whose affinity for the dockerin domain of CelD had been determined previously (29) . A 545-bp fragment of sdbA flanked by EcoRI and XbaI sites was synthesized by PCR (Fig. 1) . The forward primer was 5Ј-CCG GCG GGA ATT GAA TTC GCA GAT AAA GCC-3Ј, and the reverse primer was 5Ј-CGG TGT CTC ATT CTA GAC GTC ACC CAA ACT-3Ј. The fragment was inserted between the EcoRI and XbaI sites of pMal-cRI, to yield pCT1833. The polypeptide encoded by pCT1833 was called MalE-SdbA-N.
Purification of fusion proteins. All operations were performed at 4ЊC.
SdbA-N and SdbA-C, in which six His residues were fused to the NH 2 -and COOH-terminal regions of SdbA, respectively, were purified as described previously (18) . The six His residues bind to Ni 2ϩ ions and allow purification of recombinant proteins on a Ni 2ϩ -nitrilotriacetic acid column (11) . SdbA, fused to six His residues, was purified as described previously (18) except that a sample loaded on the Ni 2ϩ -nitrilotriacetic acid column was washed with 50 mM Tris-HCl (pH 7.5)-6 M urea. The elution of SdbA was performed with the same buffer containing 250 mM imidazole. The eluted fraction was dialyzed overnight at 4ЊC against 1 liter of 50 mM Tris-HCl (pH 7.5).
To purify MalE-SdbA-N, a 200-ml culture of E. coli TG1(pCT1833) was grown at 37ЊC to an optical density at 600 nm (OD 600 ) of 0.6. Isopropyl-␤-D-thiogalactopyranoside (IPTG) was added to a final concentration of 0.4 mM, and cultures were incubated for an additional 5 h at 37ЊC, reaching an OD 600 of 5. Cells were harvested, resuspended in 20 ml of buffer A (20 mM Tris-HCl [pH 7.4], 200 mM NaCl, 5 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride, 1 mM NaN 3 ), and disrupted in an Aminco French pressure cell at 14,000 lb/in 2 (100 MPa). The extract was centrifuged for 20 min at 7,500 ϫ g to remove cell debris. The supernatant was loaded on an amylose affinity column (5 by 2.5 cm; New England Biolabs) and washed with buffer A. The elution was performed with buffer A containing 10 mM maltose and yielded 6 mg of protein in 16 ml. The eluted fraction was dialyzed against 1.5 liters of 50 mM Tris-HCl (pH 7.5) overnight at 4ЊC and concentrated to 3 mg/ml with a centrifugal concentrator (Microsep; Filtron).
Purified proteins were stored in aliquots at Ϫ80ЊC. Affinity measurements of cohesin-dockerin interactions. The affinity constants between the dockerin domain of CipA and the cohesin domains of SdbA, SdbA-N, MalE-SdbA-N, and MalE-OlpB-N were measured as described by Salamitou et al. (29) . The CelC-DSCipA protein (20 g) was labeled with 200 Ci of Na 125 I as described previously (22, 31) and used as tracer. Four picomoles of tracer was incubated overnight at 37ЊC in 1 ml of phosphate-buffered saline (1) containing 5% nonfat dry milk and various concentrations of the receptor proteins SdbA (1 ϫ 10 Ϫ8 M to 4 ϫ 10 Ϫ7 M), SdbA-N and MalE-SdbA-N (5 ϫ 10
Ϫ8
M to 1 ϫ 10 Ϫ6 M), and MalE-OlpB-N (6.7 ϫ 10 Ϫ8 to 5 ϫ 10 Ϫ6 M). The amount of tracer protein not bound to receptor proteins was estimated by incubating mixes for 4 h at 37ЊC with 0.19-cm 2 nitrocellulose disks (Hybond-C; Amersham) coated with 6 g of purified SdbA. Disks were washed three times in phosphatebuffered saline containing 5% nonfat dry milk and counted in a gamma scintillation counter. The affinity constants were derived from the slope of Klotz plots (7), with the assumption that the stoichiometry of the complexes was 1:1. Assays were done in triplicate. Detection of SdbA in subcellular fractions of C. thermocellum. Subcellular fractionation of a C. thermocellum culture grown to an OD 600 of 1.2 was performed as described by Lemaire et al. (20) .
Rabbit antisera directed against the SdbA-N and SdbA-C polypeptides (18) were obtained as described previously (19) . Antibodies were further purified by immunoadsorption with the respective immunogens separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis and transferred onto nitrocellulose (28) .
Electron microscopy. For immunocytochemical labeling of whole cells, C. thermocellum cells were harvested in the exponential growth phase and treated as described earlier (28) . The cells were labeled with anti-SdbA-N antiserum diluted 1/100.
RESULTS

Affinity measurements of the type II cohesin-dockerin domain binding.
Affinity measurements were performed with the chimeric protein CelC-DSCipA, which comprises the dockerin domain of CipA fused to endoglucanase CelC (29) , and several purified proteins containing either the cohesin domain of SdbA (SdbA, SdbA-N, and MalE-SdbA-N) or the NH 2 -terminal cohesin domain of OlpB (MalE-OlpB-N [formerly MalEORF1p-N] [20] ).
SdbA was purified by performing the Ni-nitrilotriacetic acid chromatography step in the presence of 6 M urea to remove a 24-kDa COOH-terminal fragment of SdbA, which is noncovalently associated with the intact protein (18) ; the affinity of SdbA for CelC-DSCipA was not affected (data not shown).
Affinity constants (K a ) for the binding of CelC-DSCipA to the various polypeptides tested were as follows: SdbA, ; MalE-OlpB-N, 2.9 ⅐ 10 6 M
Ϫ1
. The intact protein had the highest affinity, followed by the isolated cohesin domain and the MalE fusion protein. However, differences did not exceed a factor of 5 to 6. MalE-SdbA-N and MalE-OlpB-N had very similar affinity constants. The nearly normal affinity measured for SdbA-N contrasts with the weak binding of 125 I-labeled CelC-DSCipA to SdbA-N transferred onto nitrocellulose (18) . Thus, the low intensity of the SdbA-N band detected on blots is probably an artifact due to the poor accessibility or poor renaturation of the isolated cohesin domain when bound to nitrocellulose.
Influence of Ca 2؉ on the affinity between cohesin and dockerin domains of type II. It was previously shown that interaction between cohesin and dockerin domains of type II was not detectable in the presence of 25 mM EDTA, indicating a probable involvement of Ca 2ϩ in type II cohesin-dockerin complex formation (18) . The affinity of Ca 2ϩ for SdbA, CelCDSCipA, or the SdbA/CelC-DSCipA complex was too low to be assayed directly by displacement of . The curve was clearly sigmoidal, with a Hill coefficient of 2 (Fig. 2, inset) . Experimental points were best fitted by a curve based on the assumption that complex formation between SdbA and CelC-DSCipA requires the cooperative binding of two Ca VOL. 179, 1997 CELLULOSOME-BINDING PROTEIN OF C. THERMOCELLUMin SDS. Exocellular and cytoplasmic proteins can be distinguished by the fact that exocellular components are present exclusively in fraction F 1 , whereas cytoplasmic components are present in F 1 and F 3 . Figure 3B shows that antibodies directed against SdbA-N bound to a 66-kDa band, which was present in the cellulosome, in fractions F 0 and F 1 , but not in fractions F 2 to F 4 . The lower mobility of the C. thermocellum SdbA protein (lanes 2 to 4) relative to the recombinant SdbA protein purified from E. coli (lane 8) could be due to glycosylation of SdbA occurring in C. thermocellum but not in E. coli. A similar picture was obtained with antibodies directed against the COOH-terminal region of SdbA (data not shown). No signal was detected with preimmune sera (data not shown). These results suggest that SdbA is located on the cell surface and that it is associated with the cellulosome. The 66-kDa band detected with anti-SdbA antibodies comigrated with the C. thermocellum exocellular polypeptide previously termed p60 (29) , which was revealed by incubating Western blots with 125 Ilabeled CelC-DSCipA (data not shown).
(ii) Localization of SdbA by electron microscopy. Immunocytochemical labeling of whole cells with anti-SdbA-N antiserum as a probe revealed SdbA on the cell surface, particularly in the protuberance-forming outer layer (Fig. 4) . No labeling was observed in controls performed without antiSdbA antibodies (data not shown).
DISCUSSION
Sequence analysis and preliminary results suggested that SdbA may be involved in anchoring cellulosomes to the cell surface (18) . The more detailed results reported in this study are consistent with this hypothesis. The affinity between SdbA and CelC-DSCipA is reasonably high (1.26 ⅐ 10 7 M
Ϫ1
), if somewhat lower than the affinity reported previously for cohesin-dockerin complexes of type I, namely, 4.7 ⅐ 10 7 M Ϫ1 for CelC-DSCelD binding to the seventh cohesin domain of CipA (29) . In the case of SdbA, the cohesin domain fused to MalE had a fivefold-lower affinity than that of the genuine protein. If the same is true for cohesin domains of type I, the constants reported for complexes of type I, which were determined by using cohesin domains fused to MalE, may underestimate the affinity between the genuine proteins. Thus, the true constants for complexes of type I may be in the 10 8 M Ϫ1 range, as reported for affinities between cohesin and dockerin domains of the C. cellulolyticum cellulosome (26) . mation requires the cooperative binding of two Ca 2ϩ ions. This would be consistent with a model in which both segments of the dockerin domain, each complexing a Ca 2ϩ ion, participate in complex formation. Using chemically synthesized peptides, Choi and Ljungdahl reported that only the first segment of the CelS dockerin domain was able to complex Ca 2ϩ and to bind to CipA. However, the result may be influenced by the choice of the peptide or by the mode of presentation (branched peptides grafted onto a lysine core). Indeed, the model proposed by the authors does not provide an explanation for the presence of two segments within dockerin domains. It has long been shown that Ca 2ϩ enhances the activity of the cellulosome (15) . Possibly, part of this effect may be due to the stabilization of cohesin-dockerin interactions underpinning the quaternary structure of the cellulosome. However, Ca 2ϩ is also known to enhance the activity of some catalytic components, such as CelD (4) or CelS (25) .
Cell fractionation and electron microscopy experiments show that SdbA is located on the cell surface. This result is in agreement with results obtained previously for OlpA and OlpB (20, 28) . In addition, SdbA was also detected in the culture medium (F 0 fraction), in which it was associated with the cellulosome. This confirms that interaction between SdbA and the cellulosome occurs in vivo and indicates that SdbA-bound cellulosomes are released from the cell surface. By contrast, OlpB was exclusively present in the cell-bound fraction F 1 (20) , suggesting that it was more firmly bound to the cell surface than SdbA.
